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ABSTRACT based on fundamental heatand mass transfer
correlations that are manipulated so thatgatbmetric
General models for heat and mass transfer componerterms are lumped into parametersthat are then fit
have been developddr use inTRNSYS [1] thermal using catalog data. It is assumeéde component
system simulations. These componentgsemove itself has zero thermal capacitance, and the models are
some of theidealizationsand detailedspecifications therefore steady-stateComponentperformance can
that are required in existing TRNSYS component then be predicted using the flow rates, fluid
models. In these new component formulations, a siroperties,and fitted parameters. This method has
of parameters characterizinge performance of the been successfully applied to sensible rea@hangers,
component are fit using catalog data. chilled water cooling coils, and direct expansion
cooling coils.
This paper presents atechnique for parameter
estimation thatan be useaith realistic models to SENSIBLEHEAT EXCHANGERMODEL
accurately represent equipment performance. The new
models are formulated for three heatd masstransfer A sensible heagxchanger moddias beerdeveloped
devices: sensible heatexchangers, chilledwater for shell and tube heatexchangers, radiators, and
cooling coils, and directexpansion coolingcoils.  similar geometries in which the inndluid flows
The performance ofthe components using the through tubes while the outerfluid flows

parameter estimation routine is evaluated. perpendicular tahe tube bank. Thisnodel isbased
on fundamental correlations footh heatransfer and
INTRODUCTION pressure drop.

TRNSYS is a transient system simulatiprogram  HeatTransfer

consisting ofindividual component models that are

connected bythe user inorder to simulate the The overall heatransfer coefficient isbased on two

performance of acomplete thermal system. Two heat transfer resistances $eries: the heatransfer

suchcurrentcomponent modelarethe Type 5Heat  resistance betweedhe inner fluidandthe tube wall,

Exchanger and the Type 52 Cooling Coll. andthe heattransfer resistance betwedme tube/fin
surface and the outer fluid. The heatransfer

The Type 5and Type 52 componentare excellent coefficient betweeithe tube/finsurfaceandthe outer

examples for illustrating the goal dhis project. fluid is based on the correlation of Zhukauskas [2]:

These two components contain assumptions and

requireparameterghat make itdifficult to replicate . . 036 OPr 4
cataloged performanceThe Type 5 HeaExchanger Nup = CRep e Pr™ Fr B )
S

uses either a constaeffectiveness or a constant

overall heat transfer coefficient. Howevtrese two o . )
parameters areeally both functions of thefluid  1he heatransfer coefficient betweethe innerfluid

propertiesand the mass flow rate. The Type 52 and the tube wall is based on tBieder-Tate equation
Cooling Coil requiresgeometric parametersuch as [2], which is similar to the familiaDittus-Boelter
fin thickness and the water tube spacing budrellel ~ €quation:

and perpendicular tothe air flow. Including the

effects of flow rate would require detailed modeling. Ou g

Nup = 0.027 Ref® pri/3 .8 )
A new method has beedevisedfor modeling the °
performance of real components while avoiding man
simplifying assumptionsand the complications of
requiring detailed specifications.  Thismethod is

yEquations land 2 aremodified by introducing
unknown parameters to account for geometric
considerations such as flow areasrface areas, and



tube bank arrangement, as well as assumed 4
constant fin efficiency. Equations land 2 are -
generalized to yield Equations 3-5: Sz 37 y
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(UA), = 1 (5) Figure 1. Calculated heat transfer rate vs. catalog
y 1,1 heat transfer rate for the sensible heat exchanger
(hA), (hA); model.
The values of thahree performance parameterg,C 1.0 _
Co, and @3 need to be fit using catalog data. | A
In fitting these parameterswith catalog data, two o - L
important issues need to besolved: the number of Tg 0.5 £
datapoints requiredfor a goodfit of the parameters, w i
and the means by which thedatapoints are chosen. |
It has beerfound that at least 16data points are
required toprovide a goodit. Using more than 16 0.0
data points resu[ts in little improvement in the 0.0 05 1.0
average erroandbias of thecalculatedheat transfer €cat

rate. Thesalatapoints need to bechosen toprovide
all combinations of highandlow values of thefour
operational parameterstube fluid mass flow rate,

shell fluid mass flow rate, tubefluid inlet The three parameters used to generate F|gum'[d:2

temperature, and shell fluid inlet temperature. werefitted by minimizing the sum of thequares of

Choosingdatapoints in thisway yields a good fit the errors between the calculated heat transfer rate and

because it covers the entire operating range and resutie catalog heatransfer rate.  Effectiveness was

in a wide range okalues for the two heatansfer ~calculated as a secondary quantity. RS error in

resistances.  This improves thaccuracy of the heatransfer rate isl829 W (about 1%)and the

determining the parameter values. RMS error in the effectiveness |50.Q1. The

agreement between the calculated effectiveness and the

catalog effectiveness indicatése accuracy of the

q property correlations.

Figure 2. Calculated effectiveness vs. catalog
effectiveness for the sensible heat exchanger model.

Figures land 2illustrate theparameterestimation
applied tothe catalogdata of asingle-pass shell an
tube heaexchangef3]. The shellfluid is SAE-10
oil, and the tube fluid is water. Thparametefitting
and plotting were performed bythe Engineering
Equation Solver (EES3oftware packaggt]. In the
figures shown in this paper, the data points used to f
the parameters areshown by the largerfilled
symbols. Itcan be seenhat the 16 fittingdata
points do indeed cover the entire operating range.

Pressurérop

The new sensible heakchanger modedlso predicts
the pressuredrop of eacHluid. For turbulent flow,
¥he tube fluid frictionfactor is based on aorrelation
approximating the smootburfacecondition of the
Moody diagram [2]:

f = 0.316 Re/* (6)
The shell fluid pressure drop assumes apower
relationshipbetweenthe friction factor and the shell

fluid Reynolds number [5].

f O ReS. max (7)



Generalizingthe equations by introducing unknown
parameters results in Equations 8 and 9.
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SENSIBLEHEAT EXCHANGERTRNSYS
COMPONENT

A TRNSYS component haleen writtenthat uses
the fitted performance parameters to predio¢ heat
exchanger performance in simulations. atidition to
the fitted parameters,the TRNSYS component
requires parameters to indicaighich fluids are
flowing through the heatxchanger asvell as their
compositions, if applicable (e.grade ofSAE oil or
percent ethylengylycol in a water/ethylene glycol
solution).

CHILLED WATER COOLING COIL
MODEL

Two models similar to that of the sensibleat
exchanger have beedeveloped for chilled water
cooling coils. Both of thesenodels use théheat
exchanger analogy method [6].

A simple model for acooling coil is based on the
heatexchangemanalogy method, which allows a wet
cooling coil to beanalyzedusing theeffectiveness-
Ntu heat exchanger equations based on enthathgr
than temperature. Analogous to ttepacitance rates
Cmin and Gnpaxand the capacitance rate ratio @sed
in heat exchanger analysis, the heatexchanger
analogy method uses mass capacitance ratgsand
Mmax and amasscapacitance rateatio m as given
by Equation10. Using the saturatiospecific heat
Cp, satdefined byEquation11, theliquid massflow

rate is converted to an equivalent flow rate of saturated

air.
O
min Dm m, Ec—%
= 10
D (10)
max Dm m, EC—%
h - h

At this point, the Ntualue is calculatedusing the
minimum masscapacitance rateand the overall
enthalpytransfer coefficient-area produdefined by
Equation 12.

UA

enthalpy pr o C (12)

(hA),

p, sat

(hA),

The effectiveness is calculatagsing the Ntuvalue
and the mass capacitance rate ratio, andrtagimum
heat transfer rate isalculatedusing theeffectiveness,
the minimum massapacitancerate, the air inlet
enthalpy,and the saturation enthalpy of air at the
entering liquid temperature. The exit air enthalpy can
then be determined. To calculatehe exit air
temperature, the air streaamd the condensatdilm
(assumed to be at eonstanttemperaturealong the
entire coil surface) are treated as sensible heat
exchanger with a capacitance rate ratio of zero.

In the simplechilled watercooling coil model, the
coil is treated asheing either totallydry or totally

wet. For totally dry operation, thmodel is identical

to that of the sensible heat exchanger (Equations 3-5).
For totally wet operation, the agide heattransfer
coefficient-area product includes a correctitattor
based orthe air velocity [7] as shown iEquations

13 and 14.

(hA), =

C; = 0.626 Vo™ (14)
Figures 3-5 illustrate thperformance othis simple
cooling coil model determinedfrom the parameter
estimationtechnique compared tthe catalogdata.
The relevant outputs are the h#rainsfer rateand the

leaving dry bulb and wet bulb temperatures.
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Figure 3. Calculated heat transfer rate vs. catalog
heat transfer rate for the simple cooling coil model.



25 condensationwill occur overthe entire coilsurface.

20 | A° bulb temperature athis ‘artificial' moisture isadded
ey reduceghe calculatednet heattransfer ratefrom the

15 - iy 80 alr-

7 2§ The detailed model of the chilled water coolicwjl is
10 | . ) ) .
differentfrom the simplemodel in that it calculates
the fraction of the coiburfacethat is wetrather than
S) assuming it is either totallgdry or totally wet. The

od
o

The heat transfer to the air in order to maintain its dry

S 10 15 20 25 total coil is analyzed as a dry colil in series with a wet

LDB coil. In this model, two sets oparameters are
catlC] . . TISIETS
required: one set fit to totallydry operatingpoints
and another sefit to totally wet operatingpoints.
Differences inthe two sets oparametersesult from

Figure 4. Calculated leaving dry bulb temperature vs
catalog leaving dry bulb temperature for the simple
cooling coil model.

assumptions in the wet coil model, such as a constant

condensatetemperature. These parameters, along

20 with the calculated fraction of theoil surfacethat is
) wet, result in Equations 15-18.
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Figure 5. Calculated leaving wet bulb temperature
vs. catalog leaving wet bulb temperature for the I
simple cooling coil model. B Dm SRR Pro D1
(hA)o,w - fWCfCl,W E—OE Pf g—g
The RMS error in the heatansfer rate is10294 W, Ho Pros
or about 3.5%. Th&MS error in the leaving dry
bulb temperature is 0.56 C, and the RMS error in the
leaving wet bulb temperature is 0.40 C. Tneater
e o e (W=l PR
lJ'I |J‘I S
throughout the coil.

an

(18)

In simulating coilperformancethe heatransferrate

) Figure 6 illustrates how well thegarameters can be
is calculatedfor both totally dry and totally wet g 2

i A . s thenade to determi fit to predict totally dry operation of the coil. Similar
operation. comparison 1s thenade 1o Celermine  oq 1ts are seen when parametesse fit to predict

which operat@ng cond_it.ion better approximatgs thetotally wet operation of the coil.
actual operating condition. If the entering air dew
point temperature is lowethan the enterindiquid
temperature, the coil is totally dry. If the entering air
dew point temperature is higher than the tsbdace
temperature athe entrancethe coil is totally wet.
Otherwise, the coil is partially wet. In thease, the
coil is approximated adeing either totally wet or
totally dry, whichever yieldshe higher heatransfer
rate. This is done because modeling the coiiter
totally dry or totally wet underestimateshe actual
heat transferate. Assuming totallydry operation
neglects latent heat transferfAssuming totally wet
operationrequireshumidification of the air so that
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Figure 6. Calculated heat transfer rate vs. catalog
heat transfer rate for totally dry operation.

Iterating on both the liquid temperature at thet/dry
boundaryand the wet fraction of thecoil surface
results in the excelleragreement betweepredicted
and cataloged results seen in Figure 7.

Qcalc[105W]
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Figure 7. Calculated heat transfer rate vs. catalog
heat transfer rate for partially wet operation.

3 4

The RMS error inthe heattransfer rate is4108 W
(about 1.4%), the RM&rror in the leavingdry bulb
temperature i90.46 C, and the RMS error in the
leaving wet bulbtemperature is0.16 C. These

manufacturer's correlation fit to experimental data.
is similar to the correlation of Pierre [8].

It

0 .45
(hA) = Cyk ref Ah
i 3 Rref, | | E

Figure 8 illustrates thegenerally goodagreement
betweenthe predicted andthe cataloged operational
points. TheRMS error in the heattransfer rate is
222 W (about 2.2%), thBRMS error in the leaving
dry bulb temperature is 0.36 C, and the Rbt&r in
the leaving wet bulb temperature is 0.32 C.

(19)
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Figure 8. Calculated heat transfer rate vs. catalog
heat transfer rate for an R-12 direct expansion cooling
coil.

EXTENSION OF PARAMETERS TO
OPERATIONWITH OTHERFLUIDS

An important objective of thigroject is to create
general component models thatwill allow
performance predictionwith any fluids. For this
reason, all of theequations citedvithin this paper
retain all transport properties such aynamic
viscosity andthermal conductivity. Onlygeometric

statistics all show a significant improvement in {erms and a constant fin efficiency are lumped into the

accuracy over that of the simple model.

DIRECT EXPANSION COOLING COIL
MODEL-HEAT TRANSFER

A direct expansion cooling coilmodel has been
developedhat is similar to the simplehilled water

fitted parameters. As eesult, thefitted parameters
should be valid for agiven component from a
manufacturer's catalogegardless ofwhat fluids are
used.

To test the applicability of théitted parameters to
other fluids, operating points for a shell and tiieat

either totally dry or totally wet. The airside heat
transfer correlationsare identical to those of the
chilled water cooling coil model (Equation 3 for
totally dry operationand Equations 13and 14 for
totally wet operation). Due to the complexity and
case-dependency ofmost boiling heat transfer
correlations, therefrigerant boiling heat transfer
correlation of Equation 19 isbased on a

obtained from the manufacturer. The threshell
fluids are water, a 50% ethylene glycol/water
solution, and SAE-10 oil. The tubliid is water in
all three cases.

Table 1 lists theerrors inthe calculatedheattransfer
rate, compared to theatalogecheat transferate, that
result when the fitted parameters are applied to each of



the fluid combinations. The first colummdicates 5
the shellfluid for which theparameters arit. The
three following columnsindicate the shell fluid to
which the parameters ar@pplied. In general, the
model performs well when the parameters fit with one
set of fluids are applied to a different set of fluids.

I

Qcalc [105 W]

Table 1. Results of applying fitted parameters to heat
exchanger operation with other fluids.

o B N W

Avg. % error when applied to:
Fit fluid H20 50% EG | SAE 10 Qcat[10P W]

H20 0.79 3.28 18.98 Figure 10. Calculated heat transfer rate vs. catalog
50% EG 0.90 0.80 5.28 heat transfer rate for the detailed cooling coil model.
SAE 10 2.69 1.90 3.99

Sources ofrror includethose previouslymentioned
The errors result from several sources. One source I Wﬁ” ?serrr?rsresultlnlg from afr?u(rjnptlonﬁsed mth
the transport property correlations. Whenever € eat_exc z?ngerana (*:t)gr{t m§ 0 t Slt'jc ast €
possible, published¢orrelationsare used. In some assumrp]) Iotntho a’l constantondensate - temperature
cases howevemnly datapoints are availableand a roughout the cotl.

curve fit is required. Asecondsource of error ighat . . . . .
the fin efficiency is assumedtonstant. The fin D|r¢ct expansioreooling coils may use a variety of
efficiency is a function of the fluid transport refrigerants. However, most catalog datatzsed on

properties,and sosome error will result when the operation with e|t.he_r R-12 o_R-22. Figure 11
fitted parameterare applied tovarious fluids. The ilustrates the_ pre_dlctlve capab|||ty of th? modm.en
shell fluid Reynolds number exponent is also a sourcBarameters fit using R_—12 ;p;zratlng points applied
of error. This exponent is a function of tReynolds to operating points using R-22.

number itself,andtherefore it would beexpected to

vary with different fluids. Finally, errors result due to 25

differences between this modatdthe manufacturer's

model used to generate catalog data. 2 20" N ,
R <

In a cooling coil, fluids such as ethylegkycol/water % o

and calcium chloride/watermay be used instead of T 15 5" 1

chilled water. Figures 9 and 10 illustrate the (o]

performance ofthe simple and detailed models,

respectively, when the parameters fitted witbhdled 10

water coil areapplied tothe same coil using a 50% 10 15 20 25

ethylene glycol/water solution. Qcat[103 W]

Figure 11. Calculated heat transfer rate vs. catalog
heat transfer rate for an R-22 direct expansion cooling
coil.

s PARAMETERESTIMATION

In all of the simulations previously shown, the

P parameterestimation wagperformedusing the EES

' software package. Tase these new component

models in thermal system simulations, ffeameter

0 1 2 3 4 5 6 estimation must benovedinto an environment that
Qcat[105W] can be used ionjunction with TRNSYS. This is

Figure 9. Calculated heat transfer rate vs. catalog being accomplished using the IMSL routine

heat transfer rate for the simple cooling coil model. DBCONF. This optlmllza}non. routine usesqaask-
Newton methodand a finite-difference gradient to

minimize a function with simplebounds on the
variables. Figure 12 is a schematic showing how

Qcalc[105W]
o P N W ~ O »



this routine is used to perform the parameter
estimation.
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Main program

Data file

IMSL routine DBCONF
Subroutine ERRCALC
TRNSYS Type
Subroutine NEWFLUIDS
Subroutine REFTRANS
TRNSYS utilities
Output files
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Figure 12. Schematic of the parameter estimation
method to be used in conjunction with TRNSYS.

The main progranreadsthe performancedatafrom
the data file, calculates guess values for the
parameters, writesome output files,and performs
any requiredinitializations. The mairprogram calls
the DBCONF routine, which in turn calls the

subroutine ERRCALC. Subroutine ERRCALC calls and applicable to a wide variety of components.

the TRNSYS component of interest talculate the
componentperformanceusing inputs from thedata
file andthe parameterdrom the DBCONF routine.

CONCLUSIONS

New component models have been written to allow
catalogdata to be usewith TRNSYS. Based on
fundamental heaand mass transfer relations, these
models include parametersvhose values are
determinedusing catalog data. Becauseall fluid
propertiesare retained inthe heatand masstransfer
relations, the parameters arefunctions only of
geometry. These parameters allow cataloged
components for which eithedetailed geometric
specifications omerformancedatafor the fluids of
interest are not readily available to beused in
TRNSYS thermal system simulations.

This new method of component modelingffers
additional advantage®ver existing models. In
contrast to existing simple models, these meadels
require only a small number of parameter values to be
fit simultaneously. Simplifying assumptions such as
a constant heatxchanger effectivenesse also not
used. In contrast to existing detailed models, the new
models require few geometric specifications. The
sensible heagxchanger modekquires no geometric
specifications while the cooling coil modaisquire
only the coil face area.

The models and fitted parameters replicate the
performance of sensible heat exchangers, chiliatgr
cooling coils, and direct expansion cooling cajlste
accurately. Theparameteffitting routine is general

It is
anticipated that this method will be applied to
additional heat and mass transfievices angbossibly

to other components and subsystems.

The TRNSYS component may use the subroutines

NEWFLUIDS (transport properties afon-refrigerant
fluids) and REFTRANS (transport properties of
saturated liquid refrigerants)and possibly some
TRNSYS utilities such as PSYClHpsychrometrics)
and FLUIDS (thermodynamic properties of
refrigerants). Subroutine ERRCALC thenalculates
the total error betweenthe calculated component
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NOMENCLATURE

EES programs were written in English unitsaier

to simplify use of themanufacturerstatalogs. The
TRNSYS components arabksociategubroutines use

Sl units.
C Parameter
Cs Wet surface convection coefficient

correction factor

Cp.i Specific heat of inner fluid (kJ/kg-C,
Btu/lbm-F)

Co. o Specific heat of outer fluid (kJ/kg-C,
Btu/lbm-F)

C, s  Saturation specific heat (kJ/kg-C,
Btu/lbm-F)

Ah Enthalpy change (kJ/kg, Btu/lbm)

AP Pressure drop (kPa, psi)

EDP  Entering dew point temperature (C, F)
EWT  Entering water temperature (C, F)

fw Wet fraction of coil surface

h Enthalpy (kJ/kg, Btu/lbm)

hA Convection coefficient-area
product (kJ/hr-C, Btu/hr-F,
Btu/min-F)

k Thermal conductivity (W/m-K,

Btu/hr-ft-F)
LDB  Leaving dry bulb temperature (C, F)
LWB Leaving wet bulb temperature (C, F)

m Mass flow rate (kg/hr, lbm/hr, lbm/min)
m’ Mass capacitance rate ratio

vl Dynamic viscosity (Pa-s, lbm/ft-hr)

Ntu Number of transfer units

Nu Nusselt number

Pr Prandtl number

Q Heat transfer rate (kJ/hr, Btu/min, Btu/hr)
Re Reynolds number

P Density (kg/n%, Ibm/ftd)

UA Overall heat transfer coefficient-area product

(kd/hr-C, Btu/hr-F, Btu/min-F)

UA... Overall enthalpy transfer coefficient-area
product (kg/hr, lbm/hr, lbm/min)

\% Face velocity (ft/min)

Subscripts

calc Calculated value

cat Catalog value

d Totally dry operation

i Inner fluid

I Saturated liquid condition
o] Outer fluid

ref Refrigerant

S Surface condition

sat Saturated

std At standard conditions
tot Total

w Totally wet operation
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